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Parkinson’s disease (PD) is one of themost commonneurodegenerative diseases characterized by the clinical triad: tremor, akinesia,
and rigidity. Several studies have suggested that PD patients show disturbances in olfaction as one of the earliest, nonspecific
nonmotor symptoms of disease onset. We sought to use the fruit fly Drosophila melanogaster as a model organism to explore
olfactory function in LRRK loss-of-functionmutants, which was previously demonstrated to be a useful model for PD. Surprisingly,
our results showed that the LRRK mutant, compared to the wild flies, presents a dramatic increase in the amplitude of the
electroantennogram responses and this is coupled with a higher number of olfactory sensilla. In spite of the above reported results,
the behavioural response to olfactory stimuli inmutant flies is impaired compared to that obtained inwild type flies.Thus, behaviour
modifications andmorphofunctional changes in the olfaction of LRRK loss-of-functionmutantsmight be used as an index to explore
the progression of parkinsonism in this specific model, also with the aim of studying and developing new treatments.
1. Introduction
The olfactory system represents the most common and
ancient sensory system within the animal kingdom, from
single-celled organisms through higher animals [1], and one
of the most important sensory modalities, due to its crucial
role in conveying information about the external world to
the nervous system. In this respect, dysfunctions of the
olfactory system may have negative effects on the quality
of life [2] and in some cases it has been associated with a
higher mortality risk [3]. Several studies have demonstrated
the connection between smell dysfunctions and Parkinson’s
disease (PD) [4–9]. Although PD is usually considered as
a movement disorder, several studies have shown that PD
nonmotor symptoms may have greater impact on quality-of-
life measures, institutionalisation rates, or health economics
(for a review, see [10]). Moreover, among PD nonmotor
disorders, olfactory disturbances may often precede motor
symptoms, representing a potential predicting marker for
PD [11]. Indeed, the same presence of Lewy bodies in the
substantia nigra [12], strictly related to the onset of typical
PD motor symptoms, is a later step in the progression of the
pathology. Indeed, initial presence of Lewy bodies has been
clearly observed in themedulla oblongata and in the olfactory
bulb, thus preceding the successive involvement of midbrain,
diencephalic nuclei, and neocortex [13].
Although it is now clear that PD is associated with a
combination of risk factors, including environmental noxious
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agents and genetic predisposition [14], which of themany risk
factors may be associated with the timing of disease onset is
not known.
Furthermore, regarding genetic predisposition, only a
limited percentage is due to monogenic forms of the disease
[15]. Among the several genetic mutations implicated in
PD aetiology, those associated with the leucine-rich repeat
kinase 2 gene (LRRK2) are actually known as responsible
for the most common familial and sporadic disorder cases
[16–18]. Two more common variations in the LRRK2 gene
have been described: G2019S and G2385R [19]. Among them,
the most common (G2019S) accounts for 3–6% of familial
dominant PD and for 1-2% of sporadic forms with a north-
south gradient of G2019S frequency in European countries
and reaching frequency up to 41% in North African cases
[20], while the second variation (G2385R) is commonmainly
in Asian populations [19, 21]. To date, apparent discrepancies
between these variations have been reported, suggesting
a more complicated phenotype in the G2385R mutation
carriers than in LRRK2 G2019S mutation carriers [19].
Although the evidence about LRRK2 role in inflam-
matory processes and in the endolysosomal system and
cytoskeleton impairment has been identified [22], its involve-
ment in PD development is still not fully defined. Interest-
ingly, different studies highlighted that carriers of a given
LRRK2 mutation show a clinical and pathological variability
in the manifestation of the disorder, with nigral degeneration
associated with absence and limited or wide diffusion of
Lewy bodies [16, 17, 23–25].This phenotypic and pathological
variability, however, is found in nearly all monogenic causes
of PD, even within nuclear families (e.g., SNCA A53T) [26].
Some variability has also been observed regarding non-
motor symptoms, where LRRK2 G2019S olfactory phenotype
may be less pronounced than idiopathic PD and possibly
G2385Rmutation, and it is not clear that all G2019Smutation
carriers have olfactory impairment [19, 27–36].
Given the above reported phenotypic variability in PD
olfactory dysfunction, it seems of particular interest to have a
simple model to study this nonmotor symptom, particularly
in a LRRK2 mutant.
The LRRK2 gene coding for unusually large protein
composed of 2527 amino acids is widely expressed in the
brain and other organs [37–40]. The LRRK2 roles, listed in
the Berwick and Harvey review [22], include neurogenesis
and neurite outgrowth, cytoskeleton assembly, endocyto-
sis/vesicles trafficking, and autophagy coordination.
LRRK2 is a member of the ROCO protein family char-
acterized by the presence of two conserved domains: a
Roc (Ras in complex proteins) domain belonging to the
Ras/GTPase superfamily and a COR domain (C-terminal of
Roc). Three further conserved domains have been described:
a leucine-rich repeat (LRR); a tyrosine kinase catalytic
domain (MAPKKK); and finally a WD40 domain [17]. This
latter is known to be crucial in several basic cell functions
such as vesicle sorting during endocytosis and exocytosis of
synaptic vesicles as well as vesicle-mediated transport and
cytoskeleton assembly [41, 42].
Recently, De Rose et al. [43] reported that Drosophila
LRRK2 loss-of-function mutant for deletion of the domain
WD40 (LRRK2WD40; LRRKex1 mutant, [44, 45]) showed a
motor age-dependent impairment and a correlated mito-
chondrial impairment in the thoracic ganglia. Besides, a
mitochondrial impairment was detected in the antennal lobe
area, where olfactory signal from the peripheral chemore-
ceptors projects. Similarly, a morphological impairment was
reported by Poddighe et al. [46] in another Drosophila
mutant such as PINK1B9 which also showed a decrease in
the olfactory detection, both in the electrophysiologically
recorded olfactory signals and in the olfactory behaviour.
On this basis, the aim of this study was to estimate
any possible olfactory dysfunction in the Drosophila LRRK2
model of PD correlated to LRRK2 mutation (LRRKWD40).
This model most closely approximates human LRRK2
G2385Rmutations,which occur in the humanWD40domain
and are a risk factor for PD. The results showed that the
LRRKWD40mutant presents an unexpected dramatic increase
in the amplitude of electrophysiological responses, but a
decrease in the olfactory discrimination, with respect to wild
type flies (WT).
2. Materials and Methods
2.1. Insects. For these experiments adult wild type (WT;
Canton-S) and LRRKWD40 mutant (LRRKex1, #34750, from
Bloomington Stock Center) Drosophila melanogaster (Dm)
males were used. Soon after emergence from pupae, WT or
LRRKWD40 mutant males were separated from females. WT
and mutant flies were reared on a standard cornmeal-yeast-
agar medium in controlled environmental conditions (24-
25∘C; 60% relative humidity; light/dark = 12/12 hours). Flies
ranging 10–15 days in age were tested according to previous
experiments [43].
2.2. Electroantennograms (EAGs) Recordings. Electroanten-
nogram (EAG) recordings were performed in vivo as previ-
ously described [47, 48].
By taking into account the circadian cycle in olfactory
sensitivity [49], WT and mutant flies were always tested
in parallel. Briefly, living 10- to 15-day-old male flies were
singly inserted in a 100𝜇L truncated plastic pipette, with the
head protruding at the tip. The preparation was fixed with
dental wax on a microscope slide and positioned under the
viewer of an Olympus BX51WI light microscope (Olympus,
Tokyo, Japan). Glass capillaries with a silver wire were filled
with a conductive 0.15M NaCl solution. The recording glass
electrode was gently placed on the tip of the antennal
funiculus, whereas the reference electrode was inserted in
the compound eye. The EAG signal was amplified with an
AC/DC probe and then acquired with an IDAC-4 interface
board (Syntech, Hilversum NL). A charcoal purified and
humidified airflow was constantly blown over the antennae
(speed 0.5m/s) via a glass tube, placed approximately 1 cm
from the antenna. The tip of a Pasteur pipette containing
an odour-loaded filter paper (5mm × 25mm) was inserted
into a small hole in the glass tube. Odour stimulation
was administered by injecting a puff of purified air (0.5 s
at 10mL/s airflow) through the pipette using the stimulus
delivery controller (Syntech).
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Odour stimuli tested were dissolved in hexane and
presented in series from minor to higher concentration
(resp., 0.01, 0.1, 1, and 10% v/v). 1-Hexanol was chosen for its
well-known stimulant activity in Drosophila [50–52], and 1-
linalool, a terp commonly found in plants, was chosen for
its capability to excite olfactory sensory neurons in different
species of insects [53]. As the standard reference, 1-hexanol
was administered at the 10% v/v dilution at the beginning of
the experiments, to confirm the activity of the antenna. Both
1-hexanol and 1-linalool were purchased from Sigma-Aldrich
(Milan, Italy).
Mean values of EAG amplitude were calculated and then
analysed by comparing the results obtained in LRRKWD40
mutant groups with the age-matched WT control group.
The significance of differences was tested by repeated-
measures ANOVA or one-way ANOVA (followed by HSD
post hoc test) with a threshold level of statistical significance
set at 𝑃 ≤ 0.05 (statistical software package). EAG results
are expressed as average values + SEM and represented by
histograms.
2.3. Olfactory Behaviour. Free-walking bioassays were per-
formed following the experimental procedures used by
Dekker et al. [54]. Briefly, males of WT and LRRKWD40 were
given the opportunity to choose between vials containing
water with or without odour (1-hexanol or 1-linalool). Two
4mL glass vials were placed symmetrically and equally
spaced in a large Petri dish (the arena) and then fitted with
truncated pipette tips. The vials were filled with 300 𝜇L of
water with 0.25% Triton X with or without the odorant. On
the basis of the EAG response, the odour dilution chosen to
trap the flies was 0.1% for both compounds. The dehydration
of flies was prevented by placing a cotton ball with 3mL of
water in the arenas. Flies were starved for 9 hours prior to
starting the experiments. Twelve bioassays were carried out
for each experimental group of flies (15 flies per arena) and for
each odour source and then replicated three times. Bioassays
were performed in controlled environmental conditions and
lasted 18 hours [54] that comprised the most active phase
of olfactory sensitivity [49]. The attraction index (AI) was
calculated as follows: (𝑇 − 𝐶)/(𝑇 + 𝐶 + 𝑁𝑅 − 𝐷), in which
𝑇 is the number of flies in the treatment, 𝐶 is the number in
the control,𝑁𝑅 is the number of living flies remaining in the
arena, and𝐷 is the number of dead flies.
Data obtainedwere expressed as average of percentages of
flies reaching the treatment vial (with 1-hexanol or 1-linalool)
or the control vial (water) and statistically evaluated bymeans
of Student’s 𝑡-test (Statistical software package) with a 95%
confidence level.
2.4. Morphological Observations. For scanning electron
microscopy (SEM), 4–6-day-old flies were anesthetized with
carbon dioxide, immediately immersed in hexane, shaken for
3 minutes to remove the external wax layer, then dehydrated
in a graded ethanol series for ten minutes each concentration
up to absolute ethanol, subsequently air-dried, and finally
glued to stubs and gold coated. At least ten specimens were
prepared and observed using a FEI Quanta 200 high-vacuum
SEM at the Department of Tree Science, Entomology and
Plant Pathology “G. Scaramuzzi,” University of Pisa. The
density of antennal sensilla in both WT and LRRKWD40
mutant males was determined by counting the number of
different types of sensilla present in a sample area enclosed
by an electronic square frame (1,000 𝜇m2) applied to the
SEM screen in the central part of the flagellum. This area
of the flagellum was chosen since it was plain displayed in
all samples and the arrangement of the antennal structures
allowed to count easily the number of each type of sensilla
included by the frame. Moreover, in this area all kinds of
sensilla were present, with the exception of one type (large
basiconic sensilla) located mainly in the basal part of the
flagellum [53]. Sensilla were counted in the flagellar area of
one antenna per specimen; differences in the number of the
three types of sensilla counted in the analysed area of males
of the two strains were evaluated by Student’s t-test with a
95% confidence level (Statistica 6.0, StatSoft, Italy). Higher
magnification was used to study in detail the morphology of
different types of sensilla.
3. Results
3.1. LRRKWD40 Mutants Show Enhancement of the EAG
Response to Both 1-Hexanol and 1-Linalool. As shown in
Figures 1(a) and 2(a), the olfactory stimulations of flies’
antennae with both 1-hexanol and 1-linalool (0.01, 0.1, 1,
and 10% v/v) consistently elicited responses with the typical
EAG waveform, that is, a rapid depolarization followed by a
slower recovery phase, ending with the hyperpolarized wave
before complete reversal to the baseline, in both WT and in
LRRKWD40 mutants, the repolarization phase in LRRKWD40
being slower than WT.
Contrary to expectations, the EAG response values
elicited after stimulation with both 1-hexanol (Figure 1) and
1-linalool (Figure 2) in LRRKWD40 mutants were higher than
those obtained in WT specimens, exhibiting a dose response
for both stimuli administered, although this tendency was
more evident for 1-hexanol. In detail, LRRKWD40 flies showed
a significant increase (𝑃 < 0.05) in the EAG amplitudes with
respect to WT after stimulation with 1-hexanol and 1-linalool
for all concentrations tested, except the lowest (Figures 1 and
2).
3.2. LRRKWD40 Mutants Show Impairment of the Behavioural
Response to Both 1-Hexanol and 1-Linalool. As for the EAG
tests, free-walking bioassays were performed on WT and
LRRKWD40 adult males, by testing the responses to 1-hexanol
or 1-linalool, both at the dilution 0.1% v/v. Contrary to
electrophysiological results, LRRKWD40 males presented a
behavioural impairment, with a significant decrease in the
behavioural scores for both odours with respect to the WT
control groups (Figure 3). In fact, in the trap assays with 1-
hexanol, the percentage of odour-trapped insects was 37 ±
3.7% for LRRKWD40 compared to 71.4 ± 3.7% for WT
control groups; in the case of 1-linalool, only 14.8 ± 3.3% of
LRRKWD40 mutants were attracted in the vial with the odour



























Figure 1: Electroantennogram (EAG) responses to 1-hexanol. Sam-
ple EAG recordings (a) and EAG amplitude values (b) elicited by
stimulation with the different concentrations of 1-hexanol (0.01, 0.1,
1, and 10% v/v) in male antennae of WT and LRRKWD40 mutant
flies. Mean values + SEM from 24–26 antennae for each stimulus
concentration and insect sample. ∗ and ∗∗ indicate significant
differences (𝑃 < 0.05; HSD post hoc test subsequent to one-
way ANOVA or repeated-measures ANOVA) from WT and from
preceding concentration of same stimulus, respectively.
As for the water response, the numbers of trapped flies in
the blank baits were higher for LRRKWD40 compared to WT
(21.3 ± 3 and 11 ± 2.3%, resp., 𝑃 < 0.05) in response to 1-
hexanol, while the number of insects trapped in the blank did
not differ in response to 1-linalool. Moreover, in the latter, no
difference exists betweenmutant insects trapped by the odour
with respect to the blank.
3.3. Morphological Observations. The unexpected increase
in EAG response combined with the impairment of the
behavioural response of mutants with respect to WT led us
to investigate any possible variation in the antennal olfactory
apparatus.
According to our results, no differences are found
between WT and LRRKWD40 flies in the gross structure.
As shown in Figure 4(a), antennae are located between the
compound eyes in two pits separated by a prominent face.The
antennae consist of three segments: scape (basal segment),
pedicel, and flagellum. The pedicel is marked dorsally by a

























Figure 2: Electroantennogram (EAG) responses to 1-linalool. Sam-
ple EAG recordings (a) and EAG amplitude values (b) elicited by
stimulation with the different concentrations of 1-linalool (0.01, 0.1,
1, and 10% v/v) in male antennae of WT and LRRKWD40 mutant
flies. Mean values + SEM from 24–26 antennae for each stimulus
concentration and insect sample. ∗ and ∗∗ indicate significant
differences (𝑃 < 0.05; HSD post hoc test subsequent to one-
way ANOVA or repeated-measures ANOVA) from WT and from
preceding concentration of same stimulus, respectively.
sensory area, bears different types of sensilla interspersed
with cuticular setae which are in general markedly curved
and furrowed. There are 4 types of sensilla: trichoid, large
basiconic, small basiconic, and grooved sensilla (Figures
4(b), 4(c), and 4(d)). Trichoid sensilla are the longest, most
predominant sensillawhich are spread in thewhole flagellum;
large basiconic sensilla are present mainly in the basal part of
flagellumand show amultiporous surface (Figure 4(c)), while
small basiconic sensilla are present mainly in the middle and
in the distal part of the flagellum.Grooved sensilla are present
only in the central and in the distal part of the flagellum; they
appear very small and are formed by a series of 6–8 finger-like
projections (Figure 4(d)).
However, as shown in Table 1, significant differences were
found in the mean number of different types of sensilla
counted in the selected area of flagellum between WT and
LRRKWD40 mutants.
In detail, as a general pattern, mutants show a higher

















































Figure 3: Behavioural olfactory response to 0.1% v/v 1-hexanol (a) and 0.1% v/v 1-linalool (b) inWT and LRRKWD40mutant flies. Mean values
of trapped males + SEM; experiments in triplicate; 𝑛 = 12 bioassays for each experimental group of flies, 𝑛 = 15 flies per arena. ∗ indicates























Figure 4: Scanning electronmicrographs ofD.melanogasterWTmale. (a) Head showing the antennal pattern: scape (s), pedicel (p), antennal
seam (as), flagellum (f), and face (fa). (b) Magnification of the central part of flagellum with sensilla: trichoid sensillum (ts), small basiconic
sensillum (sbs), and setae (s). (c) High magnification of the basal part of the flagellum showing some large basiconic sensilla with porous wall
(lbs). (d) High magnification of different types of sensilla in the central part of flagellum with a grooved sensillum (gs).
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Table 1: Average number (±SD) of the three types of sensilla present
in a sample area (1,000𝜇m2) in the central part of the flagellum of
D. melanogaster WT and LRRKWD40 mutants (Student’s 𝑡-test, 95%
confidence level).
Type of sensilla Wild type (𝑛 = 7) LRRKWD40 (𝑛 = 8) 𝑃
Trichoid




2.00 ± 0 2.63 ± 0.74 0.04549
Grooved
sensilla 0.86 ± 0.38 1.50 ± 0.53 0.02003
flies, although these differences are evident only at high
magnification (Figure 5). As a matter of fact, the number of
trichoid sensilla in LRRKWD40 mutants males exceeded the
WT number with highly significant difference (𝑃 ≤ 0.001).
Similarly, also small basiconic and grooved sensilla were
present in LRRKWD40 mutants males with a slightly higher
density than in the WT males (𝑃 ≤ 0.05).
4. Discussion
The aim of this study was to estimate in the PD trans-
lational model Drosophila melanogaster any possible olfac-
tory dysfunction correlated to a specific LRRK2 mutation
(LRRKWD40) [43], by analogy with a previous study in a
PINK1 Drosophilamodel [9, 46].
The used LRRK2 translational model most closely
approximates human LRRK2 G2385R mutation, which
occurs in the human WD40 domain and is a risk factor for
PD, mainly in Asian populations [21].
Contrary to PINK1B9 [9, 46], where the EAG response
was lower with respect to the WT, our results showed that
the LRRKWD40 mutant, compared to the WT, presents an
unexpected dramatic increase in the amplitude of the EAG
responses and this is coupled with a higher number of
olfactory sensilla.
Nevertheless, similarly to what was observed for PINK1B9
[46] also the LRRKWD40 mutants present an impairment in
the behavioural response to odours.
4.1. LRRKWD40 Mutants Show Enhancement of the EAG
Response to Both 1-Hexanol and 1-Linalool. In detail, even if
LRRKWD40 shows an increase in EAG response at any con-
centration to both tested stimuli (1-hexanol and 1-linalool),
at the lowest one, no differences in threshold were found
between mutants andWT. Despite the great variability in the
sensilla number in different strains [55], we cannot exclude
the notion that the electrophysiological response is due to the
higher sensillar density found in the flagellum of LRRKWD40
compared to WT, mostly in consideration of the relevant
number of trichoid sensilla which can cause an increased
summed antennal sensitivity. Further, we cannot exclude a
role of the perireceptor environment in the chemoreceptor
response. In this respect, it is possible that in mutants more
odorant binding proteins could be present and/or interact
with the odorants more tightly, but the presence of a dimin-
ished concentration of the odour degrading enzymes is also
possible [56–58]. Accordingly, Corvol et al. [59] found in PD
patients a persistent increase in an olfactory type G-protein
(Golf ) that was first identified in the olfactory epithelium
[60, 61] homologous to the olfactory sensilla in Drosophila
antennae.
More recently, Yun and Park [62], analysing shape and
amplitude of the EAG curve, indicated some parameters for
the analysis of the EAG curve, with the peak amplitude
being the most important one and therefore it is widely
used for studying the odour detection. According to these
authors, other parameters like the shape cannot be used for
odorant concentration measurements but they can help in
discriminating between different odorants. In this respect,
our results show that EAGs evoked by 1-linalool are longer
than those evoked by 1-hexanol. The overall lower amplitude
of the EAG in response to 1-linalool with respect to 1-hexanol
is also in accordance with the data in literature, according to
which the former interacts with a reduced number of ORs
with respect to the latter [50].
4.2. LRRKWD40 Mutants Show Impairment of the Behavioural
Response to Both 1-Hexanol and 1-Linalool. Looking at the
behavioural response to the odours, 1-hexanol attracts a
number of insects statistically higher than 1-linalool, in both
WT and mutant flies, but the number of LRRKWD40 mutants
trapped is lower than WT regardless of the stimulus tested.
As for the functional significance of the two stimulants, 1-
hexanol was reported to involve both the appetitive and the
aversive response in flies, even if with great variability in its
effects [51, 63], and it interacts with a number of olfactory
receptor neurons (ORNs) distributed on the small and the
large basiconic and on the trichoid sensilla [50, 53, 64]. In this
respect, our behavioural data point to a prevailing appetitive
response to 1-hexanol, thus making the differences with the
above reported data in literature. 1-Hexanol is reported to also
interact with a number of olfactory receptors (ORs) located in
the trichoid ones responding to pheromones [64] that could
give reason for the attractive effects we observed. In other
words, we suggest possible sex-related differences, that is,
male used in the present study versus male and female in a
1 : 1 ratio in the study by Knaden et al. [51].We cannot exclude
other possible methodological differences among different
studies. Analogous considerations can be made for 1-linalool
that was previously reported to be an aversive stimulus [51]
but that may also interact with the pheromone-sensitive
OR19a in the trichoid sensilla [64].
As for the response to water, in our opinion, results
showing that LRRK2 mutants are trapped by water in the 1-
hexanol experiments and especially the absence of difference
between water and the odour in the case of 1-linalool
point to an impairment in the discrimination capability of
LRRK2 mutants. In fact, even if mutants present a higher
electrophysiological response to both stimuli with respect to
WT, the percentage of mutants which goes to the odours
under a double-choice situation is about half that ofWT flies.






Figure 5: Scanning electron micrographs of flagellum of D. melanogaster WT (a) and LRRKWD40 mutant (b); (ai and bi) the respective
magnifications of the central area with the frame used to count the density of sensilla.
in the mitochondrial morphology in the antennal lobes [43],
where olfactory neurons project.
4.3.Morphological Observations. Our observations on anten-
nal flagellum ofDrosophilaWTmales showed the presence of
four types of sensilla as previously reported [65] and mapped
for this species [53]; further, the LRRKWD40 mutant did
not display noticeable gross morphological differences with
respect to the WT, but a general increase in the number of
sensilla in the central part of the flagellumwas highlighted. As
far as we know, no data are available to correlate the number
of sensilla with LRRK function; we recall that LRRK2 is
known to be involved in cytoskeleton assembly [22], but how
a deletion of WD40 domain can be correlated to an increase
of sensilla number is hard to hypothesize. In this respect,
we recall that researches on lozenge Drosophila mutants
showed changes at different extent in morphological features
of antennal sensilla, including a reduction or an increase in
the number and/or lack of some sensilla [66].
4.4. Concluding Remarks. Our functional approach to merg-
ing olfactory sensory electrophysiology with behavioural
response was used to go in depth in the analysis of odour
detectionwith the aimof considering olfaction as a diagnostic
marker for PD in the LRRKWD40.
Our results show that, despite the dose-response relation-
ship and the unexpected high EAG amplitude which point
to a “normal” olfactory function, the LRRKWD40 mutants
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present an impairment in the behavioural response to odours.
In this respect in a pioneeristic work on human odour
stimuli detection in correlating electrophysiological activity
from human olfactory bulb and the subjective response to
stimuli, Hughes et al. [67] stated “the significance of this type
of correlation remains questionable as long as there is no
indication of the total response of the organism.”
In conclusion, our results suggest that olfactory behav-
ioural impairment is a common feature for two Drosophila
PDmodels such as LRRKWD40 and PINK1B9 [46] despite the
two opposite electrophysiological peripheral responses and
highlight the fact thatDrosophila is a powerful model also for




LRRK2: Leucine-rich repeat kinase 2
LRRKWD40: LRRK loss-of-function in the WD40 domain
PD: Parkinson’s disease
PINK1B9: PTEN-induced putative kinase 1
WT: Wild type.
Competing Interests
The authors declare that they have no competing interests.
Authors’ Contributions
Francescaelena De Rose, Valentina Corda, Paolo Solari, and
Patrizia Sacchetti contributed equally to this work.
Acknowledgments
The authors would like to thank Dr. Ignazio Collu and Dr.
Giuliana Colella (University of Cagliari) for taking care of
flies.
References
[1] N. J. Strausfeld and J. G. Hildebrand, “Olfactory systems: com-
mon design, uncommon origins?” Current Opinion in Neurobi-
ology, vol. 9, no. 5, pp. 634–639, 1999.
[2] D.A.Deems, R. L.Doty, R.G. Settle et al., “Smell and taste disor-
ders, a study of 750 patients from theUniversity of Pennsylvania
Smell and Taste Center,” Archives of Otolaryngology—Head and
Neck Surgery, vol. 117, no. 5, pp. 519–528, 1991.
[3] R. S. Wilson, L. Yu, and D. A. Bennett, “Odor identification and
mortality in old age,” Chemical Senses, vol. 36, no. 1, pp. 63–67,
2011.
[4] K. A. Ansari and A. Johnson, “Olfactory function in patients
with Parkinson’s disease,” Journal of Chronic Diseases, vol. 28,
no. 9, pp. 493–497, 1975.
[5] R. L. Doty, D. A. Deems, and S. Stellar, “Olfactory dysfunction
in parkinsonism: a general deficit unrelated to neurologic signs,
disease stage, or disease duration,” Neurology, vol. 38, no. 8, pp.
1237–1244, 1988.
[6] E. C. Wolters, C. Francot, P. Bergmans et al., “Preclinical (pre-
motor) Parkinson’s disease,” Journal of Neurology, Supplement,
vol. 247, no. 2, pp. 103–109, 2000.
[7] M. Politis, K. Wu, S. Molloy, P. G. Bain, K. R. Chaudhuri,
and P. Piccini, “Parkinson’s disease symptoms: the patient’s
perspective,”Movement Disorders, vol. 25, no. 11, pp. 1646–1651,
2010.
[8] A. Haehner, T. Hummel, and H. Reichmann, “Olfactory loss
in parkinson’s disease,” Parkinson’s Disease, vol. 2011, Article ID
450939, 6 pages, 2011.
[9] S. Poddighe, K. M. Bhat, M. D. Setzu et al., “Impaired sense of
smell in a Drosophila Parkinson’s model,” PLoS ONE, vol. 8, no.
8, Article ID e73156, 2013.
[10] K. R. Chaudhuri, D. G. Healy, and A. H. V. Schapira, “Non-
motor symptoms of Parkinson’s disease: diagnosis andmanage-
ment,”The Lancet Neurology, vol. 5, no. 3, pp. 235–245, 2006.
[11] R. L. Doty, “Olfaction in Parkinson’s disease and related disor-
ders,” Neurobiology of Disease, vol. 46, no. 3, pp. 527–552, 2012.
[12] W. R. G. Gibb and A. J. Lees, “The relevance of the Lewy body
to the pathogenesis of idiopathic Parkinson’s disease,” Journal of
Neurology, Neurosurgery and Psychiatry, vol. 51, no. 6, pp. 745–
752, 1988.
[13] H. Braak, K.Del Tredici, U. Ru¨b, R. A. I. DeVos, E. N.H. J. Steur,
and E. Braak, “Staging of brain pathology related to sporadic
Parkinson’s disease,” Neurobiology of Aging, vol. 24, no. 2, pp.
197–211, 2003.
[14] A. J. Lees, J. Hardy, and T. Revesz, “Parkinson’s disease,” The
Lancet, vol. 373, no. 9680, pp. 2055–2066, 2009.
[15] C. Klein andA.Westenberger, “Genetics of Parkinson’s disease,”
Cold Spring Harbor Perspectives in Medicine, vol. 2, no. 1, 2012.
[16] C. Paisa´n-Ruı´z, S. Jain, E. W. Evans et al., “Cloning of the gene
containing mutations that cause PARK8–linked Parkinson’s
disease,” Neuron, vol. 44, no. 4, pp. 595–600, 2004.
[17] A. Zimprich, S. Biskup, P. Leitner et al., “Mutations in LRRK2
cause autosomal-dominant parkinsonism with pleomorphic
pathology,” Neuron, vol. 44, no. 4, pp. 601–607, 2004.
[18] U. Kumari and E. K. Tan, “LRRK2 in Parkinson’s disease: genetic
and clinical studies from patients,” FEBS Journal, vol. 276, no.
22, pp. 6455–6463, 2009.
[19] C. Marras, R. N. Alcalay, C. Caspell-Garcia et al., “Motor
and nonmotor heterogeneity of LRRK2-related and idiopathic
Parkinson’s disease,” Movement Disorders, vol. 31, no. 8, pp.
1192–1202, 2016.
[20] N. Change, G. Mercier, and G. Lucotte, “Genetic screening of
theG2019Smutation of the LRRK2gene in southwest European,
North African, and sephardic Jewish subjects,” Genetic Testing,
vol. 12, no. 3, pp. 333–339, 2008.
[21] C.-L. Xie, J.-L. Pan,W.-W.Wang et al., “The association between
the LRRK2 G2385R variant and the risk of Parkinson’s disease:
a meta-analysis based on 23 case-control studies,” Neurological
Sciences, vol. 35, no. 10, pp. 1495–1504, 2014.
[22] D. C. Berwick and K. Harvey, “LRRK2: an e´minence grise
of Wnt-mediated neurogenesis?” Frontiers in Cellular Neuro-
science, vol. 7, pp. 1–13, 2013.
[23] Z. K. Wszolek, R. F. Pfeiffer, Y. Tsuboi et al., “Autosomal
dominant parkinsonism associated with variable synuclein and
tau pathology,” Neurology, vol. 62, no. 9, pp. 1619–1622, 2004.
[24] A. Rajput, D.W. Dickson, C. A. Robinson et al., “Parkinsonism,
Lrrk2 G2019S, and tau neuropathology,” Neurology, vol. 67, no.
8, pp. 1506–1508, 2006.
Parkinson’s Disease 9
[25] O. A. Ross, M. Toft, A. J. Whittle et al., “Lrrk2 and Lewy body
disease,” Annals of Neurology, vol. 59, no. 2, pp. 388–393, 2006.
[26] K.Markopoulou, D.W.Dickson, R. D.McComb et al., “Clinical,
neuropathological and genotypic variability in SNCA A53T
familial Parkinson’s disease. Variability in familial Parkinson’s
disease,” Acta Neuropathologica, vol. 116, no. 1, pp. 25–35, 2008.
[27] N. L. Khan, S. Jain, J. M. Lynch et al., “Mutations in the gene
LRRK2 encoding dardarin (PARK8) cause familial Parkinson’s
disease: clinical, pathological, olfactory and functional imaging
and genetic data,” Brain, vol. 128, no. 12, pp. 2786–2796, 2005.
[28] J. J. Ferreira, L. C. Guedes,M.M. Rosa et al., “High prevalence of
LRRK2 mutations in familial and sporadic Parkinson’s disease
in Portugal,” Movement Disorders, vol. 22, no. 8, pp. 1194–1201,
2007.
[29] D. G. Healy, M. Falchi, S. S. O’Sullivan et al., “Phenotype, geno-
type, and worldwide genetic penetrance of LRRK2-associated
Parkinson’s disease: a case-control study,”TheLancet Neurology,
vol. 7, no. 7, pp. 583–590, 2008.
[30] L. Silveira-Moriyama, L. C. Guedes, A. Kingsbury et al.,
“Hyposmia in G2019S LRRK2-related parkinsonism: clinical
and pathologic data,” Neurology, vol. 71, no. 13, pp. 1021–1026,
2008.
[31] L. Silveira-Moriyama, R. P. Munhoz, M. D. J. Carvalho et
al., “Olfactory heterogeneity in LRRK2 related Parkinsonism,”
Movement Disorders, vol. 25, no. 16, pp. 2879–2883, 2010.
[32] J. Ruiz-Mart´ınez, A. Gorostidi, E. Goyenechea et al., “Olfactory
deficits and cardiac 123I-MIBG in Parkinson’s disease related
to the LRRK2 R1441G and G2019S mutations,” Movement
Disorders, vol. 26, no. 11, pp. 2026–2031, 2011.
[33] R. Saunders-Pullman, K. Stanley, C. Wang et al., “Olfactory
dysfunction in LRRK2 G2019S mutation carriers,” Neurology,
vol. 77, no. 4, pp. 319–324, 2011.
[34] C. Gaig, D. Vilas, J. Infante et al., “Nonmotor symptoms in
LRRK2 G2019S associated Parkinson’s disease,” PLoS ONE, vol.
9, no. 10, Article ID e108982, 2014.
[35] K. K. Johansen, B. J. Warø, and J. O. Aasly, “Olfactory dysfunc-
tion in sporadic Parkinson’s disease and LRRK2 carriers,” Acta
Neurologica Scandinavica, vol. 129, no. 5, pp. 300–306, 2014.
[36] R. Saunders-Pullman, A. Mirelman, C. Wang et al., “Olfactory
identification in LRRK2 G2019S mutation carriers: a relevant
marker?” Annals of Clinical and Translational Neurology, vol. 1,
no. 9, pp. 670–678, 2014.
[37] S. Biskup, D. J. Moore, F. Celsi et al., “Localization of LRRK2
to membranous and vesicular structures in mammalian brain,”
Annals of Neurology, vol. 60, no. 5, pp. 557–569, 2006.
[38] S. Higashi, D. J. Moore, R. E. Colebrooke et al., “Expression
and localization of Parkinson’s disease-associated leucine-rich
repeat kinase 2 in the mouse brain,” Journal of Neurochemistry,
vol. 100, no. 2, pp. 368–381, 2007.
[39] S. Higashi, S. Biskup, A. B. West et al., “Localization of Parkin-
son’s disease-associated LRRK2 in normal and pathological
human brain,” Brain Research, vol. 1155, no. 1, pp. 208–219, 2007.
[40] D. Gaiter, M. Westerlund, A. Carmine, E. Lindqvist, O. Sydow,
and L. Olson, “LRRK2 expression linked to dopamine-inner-
vated areas,” Annals of Neurology, vol. 59, no. 4, pp. 714–719,
2006.
[41] D. Li and R. Roberts, “WD-repeat proteins: structure charac-
teristics, biological function, and their involvement in human
diseases,” Cellular and Molecular Life Sciences, vol. 58, no. 14,
pp. 2085–2097, 2001.
[42] G. Piccoli, S. B. Condliffe, M. Bauer et al., “LRRK2 controls
synaptic vesicle storage and mobilization within the recycling
pool,”The Journal of Neuroscience, vol. 31, no. 6, pp. 2225–2237,
2011.
[43] F. De Rose, R. Marotta, S. Poddighe et al., “Functional and
morphological correlates in the Drosophila LRRK2 loss-of-
function model of Parkinson’s disease: drug effects ofWithania
somnifera (Dunal) administration,” PLoS ONE, vol. 11, no. 1,
Article ID e0146140, 2016.
[44] S. B. Lee, W. Kim, S. Lee, and J. Chung, “Loss of LRRK2/PARK8
induces degeneration of dopaminergic neurons in Drosophila,”
Biochemical and Biophysical Research Communications, vol. 358,
no. 2, pp. 534–539, 2007.
[45] T. Li, D. Yang, S. Sushchky, Z. Liu, and W. W. Smith, “Models
for LRRK2-linked parkinsonism,” Parkinson’s Disease, vol. 2011,
Article ID 942412, 16 pages, 2011.
[46] S. Poddighe, F. De Rose, R. Marotta et al., “Mucuna
pruriens(Velvet bean) rescues motor, olfactory, mitochondrial
and synaptic impairment in PINK1𝐵9Drosophila melanogaster
genetic model of Parkinson’s disease,” PLoS ONE, vol. 9, no. 10,
Article ID e110802, 2014.
[47] I. Ibba, A. M. Angioy, B. S. Hansson, and T. Dekker,
“Macroglomeruli for fruit odors change blend preference in
Drosophila,” Naturwissenschaften, vol. 97, no. 12, pp. 1059–1066,
2010.
[48] S. Poddighe, T. Dekker, A. Scala, and A. M. Angioy, “Olfaction
in the female sheep botfly,” Naturwissenschaften, vol. 97, no. 9,
pp. 827–835, 2010.
[49] B. Krishnan, S. E. Dryer, and P. E. Hardin, “Circadian rhythms
in olfactory responses of Drosophila melanogaster,” Nature, vol.
400, no. 6742, pp. 375–378, 1999.
[50] E. A. Hallem and J. R. Carlson, “Coding of odors by a receptor
repertoire,” Cell, vol. 125, no. 1, pp. 143–160, 2006.
[51] M. Knaden, A. Strutz, J. Ahsan, S. Sachse, and B. S. Hansson,
“Spatial representation of odorant valence in an insect brain,”
Cell Reports, vol. 1, pp. 392–399, 2012.
[52] E. Fishilevich and L. B. Vosshall, “Genetic and functional
subdivision of the Drosophila antennal lobe,” Current Biology,
vol. 15, no. 17, pp. 1548–1553, 2005.
[53] M. de Bruyne, K. Foster, and J. R. Carlson, “Odor coding in the
Drosophila antenna,” Neuron, vol. 30, no. 2, pp. 537–552, 2001.
[54] T. Dekker, I. Ibba, K. P. Siju, M. C. Stensmyr, and B. S. Hansson,
“Olfactory shifts parallel superspecialism for toxic fruit in
Drosophila melanogaster sibling, D. sechellia,” Current Biology,
vol. 16, no. 1, pp. 101–109, 2006.
[55] R. F. Stocker, “Drosophila as a focus in olfactory research:
mapping of olfactory sensilla by fine structure, odor speci-
ficity, odorant receptor expression, and central connectivity,”
Microscopy Research and Technique, vol. 55, no. 5, pp. 284–296,
2001.
[56] K. E. Kaissling, “Kinetics of olfactory receptor potentials,” in
Proceedings of the 3rd International Symposium on Olfaction
and Taste, C. Pfaffmann, Ed., pp. 52–70, Rockefeller University
Press, New York, NY, USA, 1969.
[57] V. G. Dethier, The Hungry Fly: A Physiological Study of the
Behavior Associated with Feeding, Harvard University Press,
London, UK, 1976.
[58] P. Solari, R. Crnjar, A. Frongia et al., “Oxaspiropentane deriva-
tives as effective sex pheromone analogues in the gypsy moth:
electrophysiological and behavioral evidence,”Chemical Senses,
vol. 32, no. 8, pp. 755–763, 2007.
10 Parkinson’s Disease
[59] J.-C. Corvol, M.-P. Muriel, E. Valjent et al., “Persistent increase
in olfactory type G-protein 𝛼 subunit levels may underlie D
1
receptor functional hypersensitivity in Parkinson disease,” The
Journal of Neuroscience, vol. 24, no. 31, pp. 7007–7014, 2004.
[60] D. T. Jones, S. B. Masters, H. R. Bourne, and R. R. Reed, “Bio-
chemical characterization of three stimulatory GTP-binding
proteins: the large and small forms of Gs and the olfactory-
specific G-protein, Golf,” Journal of Biological Chemistry, vol.
265, no. 5, pp. 2671–2676, 1990.
[61] L. Belluscio, G. H. Gold, A. Nemes, and R. Axel, “Mice deficient
in G(olf) are anosmic,” Neuron, vol. 20, no. 1, pp. 69–81, 1998.
[62] E. S. Yun and T. H. Park, “Quantitative measurement of general
odorant using electroantennogram of male silkworm moth,
Bombyx mori,” Biotechnology and Bioprocess Engineering, vol. 5,
no. 2, pp. 150–152, 2000.
[63] M. Schwaerzel, M. Monastirioti, H. Scholz, F. Friggi-Grelin,
S. Birman, and M. Heisenberg, “Dopamine and octopamine
differentiate between aversive and appetitive olfactory memo-
ries in Drosophila,” Journal of Neuroscience, vol. 23, no. 33, pp.
10495–10502, 2003.
[64] P. P. Laissue and L. B. Vosshall, “The olfactory sensory map in
Drosophila,” Advances in Experimental Medicine and Biology,
vol. 628, pp. 102–114, 2008.
[65] J. R. Riesgo-Escovar, W. B. Piekos, and J. R. Carlson, “The
Drosophila antenna: ultrastructural and physiological studies
in wild-type and lozenge mutants,” Journal of Comparative
Physiology A: Sensory, Neural, and Behavioral Physiology, vol.
180, no. 2, pp. 151–160, 1997.
[66] S. E. Goulding, P. Z. Lage, and A. P. Jarman, “amos, a proneural
gene for Drosophila olfactory sense organs that is regulated by
lozenge,” Neuron, vol. 25, no. 1, pp. 69–78, 2000.
[67] J. R. Hughes, D. E. Hendrix, N. Wetzel, and J. W. J. Johnston,
“Correlations between electrophysiological activity from the
human olfactory bulb and the subjective response to odourif-
erous stimuli,” in Olfaction and Taste—Proceedings of the III
International Symposium, C. Pfaffmann, Ed., pp. 172–191, The
Rockfeller University Press, New York, NY, USA, 1969.



















































 Computational and  
Mathematical Methods 
in Medicine
Ophthalmology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Diabetes Research
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Research and Treatment
AIDS
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Gastroenterology 
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Parkinson’s 
Disease
Evidence-Based 
Complementary and 
Alternative Medicine
Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com
